Abstract -This paper deals with the design and synthesis of active circuits able to simultaneously produce negative group delay and gain at microwave frequencies or for baseband signals. Analytical equations show that the proposed topology meets these objectives while also satisfying active device requirements. Then, a synthesis approach is extracted and applied to design a twostage microwave circuit, further validated by experimental results. This method is extended to the design of a four-stage baseband active circuit providing gain and negative group delay up to 600 MHz. A high relative time-advance is evidenced by time-domain simulations.
I. INTRODUCTION
Materials with simultaneously or independently negative permittivity and permeability were initially introduced in the late 1960s by Veselago [1] and are now validated in 3-D artificial media [2] and in 1-D or 2-D microwave circuits [3] . More recently, such metamaterials also known as Left-Handed Media (LHM) have been applied in microstrip and coplanar waveguide technologies to design antennas, filters, couplers [4] and phase shifters [5] . Usually, in these devices, the LHMI properties are used either to reduce the circuit size or to enlarge the initial operating bandwidth.
In 1960, the classical analysis of Brillouin and Sommerfeld [6] showed that in a frequency band of anomalous dispersion, e.g. obtained from electromagnetic Bragg gratings [7] or metamaterials, the group velocity can become greater than c, the speed of light in vacuum, or even be negative. Since 1999 renewed interest in the "superluminal" group velocity has emerged and this counter-intuitive effect has been widely debated [8] . It is well confirmed now that this behavior is not at odds with causality, and most points of controversy have been settled. However, to illustrate and establish the properties of this intriguing phenomenon, several experimental circuits exhibiting Negative Group Delay (NGD) or superluminal phenomenon have been proposed [9] - [10] . These devices can be merged into two major categories. The first one essentially devoted to microwave applications consists of LHM built with the passive left-handed cell [3] , i.e. a series capacitance and a shunt inductance, associated with a RLC parallel-resonant network. To achieve a significant NGD value, many cells have to be cascaded resulting in a very low transmission level.
The second category brings together experiments with NGD or Negative Refractive Index (NRI) with an amplification of the input signal or, at least, loss compensation. In the most debated one [8] , a region of anomalous dispersion is created in a kind of optical amplifier, and the authors measured a group velocity of -c1310. All of the other active NGD circuits only operate for baseband signals below a few hundred kHz and are based on a simple electronic circuit built with an operational amplifier, a resistor and a capacitor [9] - [10] . Gain and high relative advances of a Gaussian baseband signal can be achieved by cascading several stages. Such simple electronic circuits are very useful to analyze the properties of NGD; but nevertheless, they are fairly narrowband and restricted to low frequencies. Moreover, to our knowledge, no active NGD device has been implemented at microwave frequencies.
This assessment led us to investigate a more general approach liable not only to bring NGD and gain, but also to operate for broad-and base-band signals as for modulated ones over the microwave domain. Section II describes the proposed topology and the theoretical analysis of its Sparameters. Section III compares the simulated and measured frequency results of a two-stage NGD active device. In section IV, a broadband circuit is designed from the initial cell equations. Then, frequency and time-domain simulations of this broadband and baseband four-stage NGD active circuit are presented before drawing conclusions about limitations and improvements of this device.
II. PROPOSED NGD TOPOLOGY AND SYNTHESIS EQUATIONS
Here, it is worth using the more global notion of group delay instead of the group velocity because it is well defined for both lumped circuits and distributed ones. Generally, the group delay, r =-dpldco, is extracted from experimental Sparameters, where (o is the frequency-dependent transmission phase shift and w is the angular frequency. In the case of a bandwidth-limited input signal, the group delay corresponds to the time shift of its envelope maximum. Our feeling was that through the association of a Field Effect Transistor (FET) with passive components, our strict objectives about NGD, gain, input and output matching, noise and stability would be achieved.
A. Theoretical Study of the Proposed Unit Cell
Intuitively, we first tested several configurations of the classical LHM cell [3] in cascade or in parallel with an FET since the LHM cell provides by itself NGD. But, finally by comparison with LHM cells, the topology depicted in Fig. 1 and consisting of a series RLC resonant circuit in shunt at the FET drain output produced simultaneously higher significant 1-4244-0688-9/07/$20.00 C 2007 IEEE NGD and gain values, a higher simplicity, and moreover a possibility of input/output matching.
where col is the resonant angular frequency of the first cell. For a relatively high value of R., the noise brought back by a possible low value of R1 is hidden by the first stage.
ls' cell To synthesize the first cell component values and RM, the objectives are only defined by the group delay and the Sparameters magnitude:
SiI= 1SlI(w)1 ),'S21 = |S21(w)1)| ' S22 = |S22(w)1)l and r1 = r(ol) .
Then, an inversion of magnitude of (2), (3), (4) and (5) leads to:
RdR +Z ( (+Rds) where Z0 is the input impedance of the reference ports (50 Q in practice) and g,. is the FET transconductance. It is worth underlining that: -S12 is null and S1l magnitude is close to 1 at low frequency; -the group delay is always negative at the cell resonance; - (3) shows that an output matching is possible; -a substantial gain can be obtained even if it is minimum at the resonance; R must be small to get a significant NGD value but this restricts the transducer gain to low value; -S21' ; and co do not depend on exactly the same parameters, so it means that: i) zcan be controlled independently from S21 through L and ii) the resonance frequency can be changed via C without modifying the level of r, thus giving degree of freedom to find a satisfying compromise.
B. The whole circuit synthesis Surprisingly, this topology is that of a resistive amplifier, excepted for the components' values. The circuit input is matched by placing a shunt resistor, RM, between the first cell and the generator (Fig. 2) . Then, considering this resistor and the following unit cell as a new first cell, the group delay (2) and S22 (3) As the FETs are unilateral, S11T can be identified as Siii the return loss of the first cell (4) and S22T as S222, the output return loss of the second one (3). The objectives being to get SIIT and S22T values below -10 dB together with a theoretical total gain around 6 dB and a NGD better than -2 ns, we searched for an FET with high gm and RDS values. Then, we got R2 and Rm from (10) and (6), respectively. Since the specified frequency was initially 1.45 GHz, we set C1 and C2 identical and small in order that L1 and L2 be both high enough to achieve a significant NGD value. Then, thanks to R1 the achieved NGD was -1.66 ns for the first cell and only -0.33 ns for the second stage, and S21 was 10.84 and 0.06 dB for the Ist and 2nd stage, respectively. Finally, the total insertion loss is theoretically 6 dB; the matching is -14 dB at the input and -11 dB at the output with a -2.3 ns group delay. The S-parameters and the group delay are nearly unchanged by the introduction of a high frequency equivalent circuit model. On the other hand, when the connection microstrip lines and the real passive components' models are introduced in the schematic and in electromagnetic simulations, the operating frequency is shifted down to 1.07 GHz and S21T is reduced to 3 dB. 
IV. DESIGN OF A BROADBAND NGD ACTIVE CIRCUIT FOR BASEBAND SIGNALS
Active circuits with a negative group delay could find potential applications in the digital transmission domain. Then, their ideal characteristics would be a constant positive phase slope and gain over the entire baseband signal bandwidth, and obviously over a wide band for high data rates. Fortunately, in many applications, the digital signal is filtered to limit its spectrum in frequency. So, we will focus on the bandwidth that minimizes the intersymbol interferences of a gaussian baseband signal and thus keeps signal distortions and ripples as low as possible. From the topology presented in section II, we achieved a 2179 ON broadband NGD with a four-stage circuit. The component values of each stage were determined separately for resonant frequencies regularly spread from 0 to 600 MHz; moreover, the whole circuit behavior was calculated from the product of the stage transfer functions for the gain and by the sum of the time delay of these transfer functions for the total group delay. Final optimization and electromagnetic simulations (Fig. 7-a) were performed under the same conditions as in section III, i.e. with the component S-parameters, the interconnection lines, the bias network, together with the same FET and substrate. Such a broadband requires the implementation of an active bias network. In the frequency domain, the increase of the gain at high frequencies generates an output standard deviation higher than the input one. Inversely, in time domain, the pulse compression phenomenon appears (see Fig.7 -b inset where the input and output pulses are displayed on a same ordinate scale). The presented time-domain simulations ( Fig. 7-b) exhibit a relative time advance of 82% compared to the 0.7 ns standard deviation. This previous effect can be viewed as direct results of wave interference like in medium with anomalous dispersion bandwidth [7] . 
